S olid-state nanopores exhibit relatively lower single molecule detection sensitivity compared to biopores due to their intrinsic thickness and lack of control over surface charge distribution. During a typical translocation experiment in 30 nm thick SiN x membranes, DNA regions approximately 30 nm long and containing ∼100 base pairs (bps) are residing within a nanopore at any given time. Therefore, single base resolution is not expected here. Recently, thin membranes have been proposed to extend the applications of solidstate nanopore to, e.g., detection of short DNA oligomers and differentiation of short nucleotide homopolymers. 1, 2 The merits of this novel approach are twofold. First, the thin membrane can amplify both baseline and signal amplitude without increasing noise levels, resulting in a greatly enhanced signal-to-noise ratio (SNR). Furthermore, ultrasmall nanopores (1 to 2 nm) can be further adapted to mimic biological nanopores, where a narrow constriction (1.2 nm for MspA and 1.5 nm for R-hemolysin) and small sensing length (0.5 nm) could facilitate single nucleotide identification along DNA strands. This concept can be exploited using the 2D material graphene, a single atomic layer of carbon 3 which can extend over macroscopic scales in two dimensions (mm in size) while being atomically thin (few Å) in the perpendicular dimension. Several groups already demonstrated the use of graphene as a nanopore membrane for detecting DNA translocation. 4À7 With the B use of a modern transmission electron microscope (TEM), nanopores in graphene can be sculpted atom by atom with diameters that can be tailored for various applications. 7À9 Another advantage for graphene, as predicted by theoretical calculations, 10À12 is its potential use in a transistor integrated with a nanopore where DNA translocation can modulate the tunneling current or gate the transistor channel. We recently demonstrated the first realization of simultaneous detection of DNA translocation with two synchronized signals, the ionic current in the nanopore and local potential change in the graphene nanoribbon transistor. 13 Apart from all these encouraging achievements, it is worth noting that the strong πÀπ interaction between graphene and DNA 14 leads to undesirable adsorption of DNA on graphene, which may hinder the DNA translocation through graphene nanopores. Some groups have exploited surface modification, 15 atomic layer deposition 5 and high pH and ionic strengths 4 to minimize surface interaction. The first two approaches ultimately increase the sensing length to few nanometers which is not desirable for single nucleotide resolution. An alternative solution is to use other 2D materials such as insulating boron nitride (BN) 16 as the membrane material. To the best of our knowledge, this letter is the first example of utilizing MoS 2 , a newly emerging transition metal dichalcogenide-based material, as a nanopore membrane. MoS 2 has drawn attention as a promising material with potential applications complementary to graphene due to the presence of a bandgap and versatile chemistry, 17 which makes it attractive in various applications including catalysis, energy storage, sensing and electronic devices such as field-effect transistors 18 and logic circuits. 19 The thickness of single-layer MoS 2 is ∼6.5 Å, comparable to the thickness of graphene (3.5 Å) and the spacing between two neighboring nucleotides along ssDNA (3.2À5.2 Å). Both exfoliation 20 and chemical vapor deposition (CVD) 21, 22 can be used to produce thin layers of MoS 2 with good quality.
20À22
In this letter, we propose that MoS 2 can be used as an inorganic analogue of graphene membrane for nanopore-based DNA biosensing. To make nanopores in free-standing MoS 2 membranes, we use a sophisticated transfer method 23 to suspend monolayer and few-layer MoS 2 on SiN x supporting membranes and exploit the state-of-art high resolution electron microscopy technique to sculpt nanopores in variable diameters. Such membranes can be used to detect DNA translocation with high SNR (>10) and 5-fold enhancement in the ionic current signal. Realization of DNA translocations through an MoS 2 nanopore membrane imply that it can compete with graphene nanopore membrane in terms of spatial resolution and potentially better performance when acting as a transistor integrated with a nanopore, allowing transverse detection of DNA translocations. 13 
RESULTS AND DISCUSSION
The experimental concept is schematized in Figure 1a , where few layers or even monolayer MoS 2 are suspended on the pre-etched square-shaped opening on 20 nm thick supporting SiN x membranes. Thus, DNA can translocate through subnanometer thick MoS 2 instead of 20 nm thick SiN x to achieve a better spatial resolution. We used the widely adopted micromechanical exfoliation method 3 to exfoliate few-layer MoS 2 from natural MoS 2 bulky material onto the surface of substrates covered with 270 nm SiO 2 chips with fiducial markers. An optical microscope is used to identify single and few-layer MoS 2 by their contrast under illumination. 24 As shown in Figure 1b , monolayer MoS 2 shows minimum contrast with respect to the substrate. The coordinates of chosen flakes were recorded and used for the further transfer onto the SiN x membrane. To verify the thickness of this chosen flake, we used atomic force microscopy (AFM) to obtain its height profile, as shown in Figure 1d . The thickness is 9 Å from AFM measurements and is indicative of a monolayer, which is consistent with the optical observation. Subsequently, this flake was transferred from the silicon dioxide substrate to a square-shaped opening (ranging from 200 to 500 nm in size to reduce electric noise when the flake comes in contact with ionic buffer, 4 see Figure S1a ) on the target SiN x supporting membrane using a standard graphene transfer method. 23 Figure 1c is the optical image after a successful transfer of the flake shown in Figure 1b ,d to the desired location (marked by the black circle) on the supporting membrane. We navigated in the TEM with low magnification to search for the chosen flake. Figure 1e illustrates the full coverage of the opening in SiN x by the flake (marked by the black circle), preventing ionic current leakage. Figure S1b demonstrates an example of unsuccessful transfer, where the MoS 2 flake is not covering the square-shaped opening. The MoS 2 lattice can be clearly resolved in the highmagnification image, shown in Figure S2a , with the diffraction pattern (DP) reflecting the hexagonal symmetry of MoS 2 , 25 as shown in the inset of Figure S2a .
The drilling process lasts only for several seconds after which a nanometer-sized pore appears. This is another indication that we only drill through few atoms of MoS 2 . Therefore, a good thermal and mechanical stability is highly preferred for such a short drilling period, especially in the case of small pores. We prefer to blank the beam for several minutes before the drilling process in order to minimize the drift for the both beam and the sample. Figure 1fÀi shows several examples of nanopores with various sizes. Therefore, we want to infer that nanopores can be sculpted with the flexibility for pore dimensions using a highly focused electron beam. Moreover, as shown in Figure S2b , in some cases the number of layers can be identified by ARTICLE www.acsnano.org C inspecting the folded edges of the flake. Nevertheless, we routinely used optical microscopy to choose thin flakes because it is straightforward and less time-consuming. We start by investigating the currentÀvoltage (IV) characteristics of MoS 2 nanopores with various sizes (2À20 nm) immersed in the 2 M KCl buffered solution. Figure 2a ,b shows examples of IV curves measured in the KCl buffer, exhibiting linear and symmetric characteristics from À500 to 500 mV. According to the model first proposed by Wanunu et al. 1 and later adopted by Kowalcyzk et al., 26 the conductance of nanopore can be described by eq 1,
where σ, L and d are the ionic conductivity of 2 M KCl (20 S m À1 ), membrane thickness and nanopore diameter, respectively. Two major elements associated with pore geometry contribute to the conductance, namely channel resistance (the first term in the Figure 2c shows a plot of all working devices in this study. Using a nonlinear fit, we find L with a value of 1.6 ( 0.2 nm, reflecting an atomically thin feature of the MoS 2 membranes. For an ultrathin membrane, channel resistance is much smaller than the access resistance. Therefore, the conductance can also be expressed as eq 2:
As a result, a nearly linear relationship between pore conductance and pore diameter is expected. From the linear fit, we find σ with a value of 17.5 ( 1.5 S m À1 , which is in a good agreement with ionic conductivity of 2 M KCl (20 S m
À1
). Therefore, both fits are suitable. At any given pore size, the conductance from the MoS 2 nanopore is much larger than that of SiN x . Moreover, we did not observe an influence of the number of layers (always less than 4) on the conductance since the pore diameter is larger than its thickness.
Ideally
ions flow in two directions under the influence of the electrical field through a nanopore, resulting in a constant ionic current, namely, the baseline current. DNA translocation will give rise to temporary blockades in ionic pore current manifested by a decrease in ionic current on the time-scale of approximately 100 μs to 10 ms, as shown in Figure 3a . We first translocated pNEB plasmid DNA through a 20 nm diameter MoS 2 nanopore to eliminate the multiple conformation issue. Two parameters, the amplitude of blockage and dwell time are used to quantify individual translocation events. In our group, we developed a so-called cumulative sums (CUSUM) algorithm to detect events automatically 27 and extract abovementioned parameters for each event. Events are concatenated with short segments of the baseline signal preceding and following them. Due to the circular shape of the pNEB plasmid, all events have only one level indicating a single conformation. The signal amplitude also increases upon raising the applied voltage as shown in Figure 3b . Figure 3c . For voltages above 200 mV, fast translocation is observed with a most probable dwell time of ∼100 μs. 28 But for 100 mV, a much broader distribution (200 μs full-width at half-maximum) is observed with a mean dwell time of ∼300 μs, which is consistent with published results with graphene nanopores using DNA molecules of similar length.
4À7
More insight can be gained by using a constant electron charge deficit (ECD) method 29 to fit the scatter plot ( Figure 3c ) for various voltages. As a result, a value of ∼500 ke is obtained, which is at least five times of previously reported data for 3 kbp DNA. 30 This increase is mainly due to the increased blockage amplitude because of the greatly improved sensitivity of MoS 2 nanopores compared to conventional SiN x nanopores. In ref 30 , for the circular plasmid DNA, the current drop is ∼100 pA at 100 mV, whereas we got ∼400 pA at 100 mV. Garaj et al. also reported from 2-fold up to 10-fold enhancement in signal for DNA translocation in graphene nanopores. 4 ,7 Therefore, we conclude that MoS 2 and graphene nanopores have comparable sensitivities. It is very important to have a good signal-to-noise ratio (SNR), preferably more than 6, for event detection. Here, we obtain SNR > 10 (100 pA RMS noise and ∼nA signal). The percentage of device failure (conductance higher than 300 nS due to leakage or lower than 10 nS due to pore clogging) in solution is surprisingly low (<30%). A very important feature of MoS 2 membranes when compared to graphene ones is that undesirable adsorption of DNA onto surface is eliminated here, while many additional surface treatments were needed in order to reduce the strong hydrophobic interaction between DNA and graphene. To exclude either leaking pores G > 300 nS or clogged pores G < 10 nS, we used only devices displaying conductances higher than 10 nS and lower than 300 nS. Error bars of the pore diameters indicate the asymmetry of the pores. Inset shows a simple scheme for the thin membrane with a nanopore and related equation to describe conductance, where G is conductance, σ is ionic conductivity, L is thickness and d is pore diameter. The nonlinear fitting (green line) is based on the eq 1 shown in the inset to subtract L. And the linear fitting (red line) is based on the simplified eq 2, G = σd, to subtract σ. ARTICLE www.acsnano.org
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To gain more understanding on the interaction between MoS 2 and DNA, we translocated pNEB DNA through a 5 nm diameter MoS 2 pore. Representative concatenated traces are shown in Figure S3a where the same experimental conditions were used except pore diameter which was 5 nm. From the scatter plot in Figure S3b , both mean current amplitude and mean dwell time are larger for the 5 nm pore compared to the 20 nm pore, implying a local interaction between the edge of the MoS 2 pore and the DNA molecule. To extend this statement, this interaction happens only when DNA is sliding through the edge of pore with the effect of retarding DNA translocation. For larger pores (20 nm), translocations tend to occur in a frictionless manner.
As first seen using solid-state nanopores, DNA conformations can be revealed using the quantization of current blockage when DNA translocates through a nanopore. 31 Here, we used λ-DNA, which has a wealth of secondary structures and conformations, to test the performance of MoS 2 pores in distinguishing between them by ionic current measurements. Figure 4a shows two typical current vs time traces for DNA translocation through Figure 4b , the event 1 has a conductance drop of ∼5 nS, which is attributed to the translocation in an unfolded or linear manner. It is worth noting that a 5-fold enhancement in signal amplitude is observed compared to the typical conductance drop of ∼1 nS in SiN x platforms. For the event 2, DNA enters the pore in a folded manner manifested by a conductance drop of ∼10 nS and then translocates in an unfolded manner with a conductance drop of ∼5 nS. For the event 3, DNA is in a folded configuration during the whole translocation manifested by a conductance drop of ∼10 nS. Sometimes, we saw very deep current dips in the very beginning of an event, indicating a "bumping" of DNA onto the orifice of the pore in a coiled form (event 4 in Figure 4b ). After entering the pore, the DNA molecule is stretched under electric field and it results in a conductance drop of ∼5 nS. The statistics of these events are presented using a scatter plot in Figure 4c . Moreover, a mean dwell time of ∼1 ms can be obtained, which is larger than that of shorter pNEB and is expected for longer λ-DNA. The stability and durability of MoS 2 nanopore membranes are also tested. To maintain a good SNR in this study, we apply voltages in the range from 200 to 400 mV. Although we observe translocation data at F 800 mV (data not shown here), we observed that ionic current in some devices starts to be unstable, therefore in practice we avoided application of voltages higher than 400 mV. Compared to nanopores of other 2D materials, 7, 15, 16 MoS 2 has a wider window of the applied voltage in the ionic buffer. Our devices can work for hours without permanent clogging. 15 As shown in Figure S4 , the device can operate for 9 h without degradation or saturation in the conductance. Translocations can be still observed after 9 h working in the ionic buffer. Generally, thousands of events can be collected in a single device, depending on the concentration of the analyte and the applied bias. As for graphene nanopores, no significant slowing down can be achieved even with small-diameter pores (∼2 nm). The velocity of DNA translocation is ∼20 ns/bp, still beyond the present amplification bandwidth of 1 MHz (Chimera Instruments, New York, NY, USA) for translocation experiments. Although the enhancement of signal amplitude is dramatic in MoS 2 pore, the lack of temporal resolution is the major obstacle that should be overcome for wider applications. An important advantage of MoS 2 over graphene and boron nitride is that the intrinsic bandgap nature of MoS 2 renders the implementation of sequencespecific transistors more promising. The noise in MoS 2 nanopores is higher than that of SiN x , as shown in Figure 4a . Such an enhancement of the noise was also reported for graphene nanopores.
4À7 To suppress noise and further improve SNR, we suggest curing polydimethylsiloxane (PDMS) on the nanopore support chip while leaving the MoS 2 nanopore exposed.
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CONCLUSION
To conclude, we present a versatile method of producing nanopore membranes based on MoS 2 . The starting material MoS 2 is carefully characterized by optical imaging, AFM and TEM. As a result, membranes with a single size-tunable nanopore can be produced with good yield and very low device failure rate when working in high ionic strength buffers. Translocation of various types of DNA exhibits a signal amplitude that is five times higher than in the case of solid-state Si 3 N 4 membranes and a SNR of more than 10. These features are highly desirable for event detection and we take advantage of them by showing the electric-field induced unfolding of a 48 kbp long DNA molecule within the nanopore which manifests itself in the quantization of the current drop. Unlike graphene nanopores, no special surface treatment is needed to avoid strong interaction between DNA and the surface. Our results imply that MoS 2 nanopore membranes can compete with graphene nanopore membranes in terms of spatial resolution and possibly better performance for transverse detection. 13 
METHODS
The 20 nm thick supporting SiN x membranes are manufactured in a standard procedure 33 using anisotropic KOH etching. Membrane sizes vary from 10 to 50 μm depending on the size of the backside opening. Electron beam lithography (EBL) and reactive ion etching (RIE) is used to make a square-shaped opening with a size of 200À500 nm on the membrane. MoS 2 flakes are first mechanically exfoliated onto substrates with ARTICLE 270 nm SiO 2 and fiducial markers. Next we use optical microscope (Olympus IX51) to identify few layers or even monolayer flakes by their optical contrast. 24 The thickness of chosen flakes is further confirmed by AFM measurements (Asylum Research Cypher). The method of transferring flakes to the square-shaped opening located on the SiN x membrane is similar to the widely used graphene transfer method. 23 Electron beam drilling 34À36 is performed in a JEOL 2200FS TEM operated at an acceleration voltage of 200 kV. Before loading in the microscope, the samples are annealed at 400°C under a H 2 /Ar flux in order to remove any residual organic material left on the surface from the microfabrication processing and prevent hydrocarbon deposition. 37 The fabrication process is detailed as a process flow shown in the Supporting Information. Membranes are imaged in the TEM mode with low magnification (<10 kÂ) in order to identify the location of suspended MoS 2 flake. Drilling is performed by focusing the beam with the condensor lens aperture (CLA) at high magnification (600 kÂ to 1 MÂ). The nanopore membrane chip is mounted inside custom flow cell as soon as possible after drilling, otherwise stored in a desiccator with controlled humidity. After mounting the sample in the microfluidic setup, the wetting of the pore is facilitated by flushing the microfluidic system with a waterÀethanol (v/v, 1:1) solution. It is crucial to inspect and remove bubbles trapped in the microfluidic channels. An Axopatch 200B patch clamp amplifier (Molecular Devices, Inc., Sunnyvale, CA) is used to record the ionic current in the single cell configuration with a sampling rate of 100 kHz and lowpass filter of 10 kHz. We use a NI PXI-4461 card for data digitalization and custom-made LabView software for data acquisition. Chlorinated Ag/AgCl electrodes are inserted in both cis and trans reservoirs and connected to the Axopatch 200B. DNA samples (pNEB193, plasmid 2.7 kbp, New England; λ-DNA, 48 kbp, New England) are buffered with filtered and degassed 2 M KCl, 10 mM Tris, 1 mM EDTA and pH 7.4 and adjusted to a final concentration of 1À10 ng/μL. Finally, the solution containing DNA is injected into the cis chamber of the flow cell, which is grounded using the Ag/AgCl electrode. Each type of DNA is translocated in at least two different devices and representative and reproducible results and analysis are presented. Data analysis is performed offline using a custom open source Matlab code, named OpenNanopore (http://lben.epfl.ch/page-79460-en.html), for event detection. 27 Conflict of Interest: The authors declare no competing financial interest.
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